Abstract: Agrobacterium tumefaciens-mediated transformation of callus culture, combined with a visual selection of GFPtagged fimbrin actin binding domain (FABD2) expression is described for parasitic species (Cuscuta europaea). The conditions for callus induction from 1 cm-long explants from the basal part of 7-day-old dodder seedlings were defined. We obtained light-green calli, which were transformed with A. tumefaciens bacterial strain GV3101 carrying plasmid pCB302 (35S::ABD2:gfp) with neomycin phosphotransferase (nptII) gene. The limitations of selection procedures based on antibiotics were avoided using green fluorescent protein (GFP) detection, as a visual selection marker subcellularly targeted to the actin cytoskeleton. Fluorescence microscopy analyses demonstrated a network of nucleus-associated actin arrays and dense cortical actin arrangements in stably transformed Cuscuta callus cells. RT-PCR analyses confirmed gfp expression in transformed calli 7, 14 and 21 days after transformation. Although the GFP fluorescence associated with the actin cytoskeleton has retained for at least six months without silencing, no shoot regeneration was observed. It can be concluded that, C. europaea callus cells are competent for transformation, but under given conditions, these cells failed to realize their morphogenic and regeneration potentials.
Introduction
Parasitic plants, which have evolved many anatomical, morphological and physiological adaptations for their heterotrophic life style, are important components of natural and agricultural ecosystems. It has been estimated that 1% of all land flowering plants are parasitic. Dodders (Cuscuta spp.) are the most successful and widespread parasitic weeds, occurring in both crop-cultivated and non-crop wild areas (Dawson et al. 1994) .
Current literature provides only a few studies on in vitro culture of Cuscuta spp. and on parasitic plants in general. Successful surface sterilization and germination of parasite seeds is prerequisite for derivation of in vitro culture. It is well known, that Striga and Orobanche seeds germinate in response to native or synthetic (GR24 and Nijmegen 1) germination stimulants (Wigchert et al. 1999) . Different combinations of plant growth regulators were studied for establishment of in vitro cultures of Orobanche ramosa, O. minor, O. aegyptica (Zhou et al. 2004) , C. reflexa (Srivastava & Dwivedi 2001) , C. japonica (Furuhashi 1991) and C. trifolli (Bakos et al. 1995) .
Plant transformation mediated by Agrobacterium tumefaciens and A. rhizogenes, has become the most used method for the introduction of foreign genes into plant cells. The transient and stable transformation systems for young seedlings of Phtheirospermum japonicum, a facultative parasitic plant in the Orobanchaceae, was developed using the hairy-root-inducing bacterium A. rhizogenes (Ishida et al. 2011) . Mellor et al. (2012) described use of ex vitro cowpea (Vigna unguiculata L.) composite plants to study the interaction with the root parasitic angiosperm Striga gesnerioides. Runo et al. (2012) reported that Striga could initiate and complete life cycle on hairy roots of composite maize plants in the same manner as on wild type roots. These results providing a tool for studying host plant-parasite interactions. Tomilov et al. (2006) developed transient and stable transformation systems for Triphysaria versicolor using A. tumefaciens and A. rhizogenes. They confirmed transient expression of a GUS reporter gene in Triphysaria seedlings following vacuum infiltration. Fernández-Aparicio et al. (2011) demonstrate transformation of 3 month old Phelipanche aegyptiaca calli with A. rhizogenes harboring the yellow fluorescent protein (YFP). The first genetic transformation method for Cuscuta trifolii has been developed by Borsics et al. (2002) .
The aim of this study was to elaborate protocol for in vitro cultivation and A. tumefaciens-mediated 634 R. Švubová & A. Blehová genetic transformation of dodder calli cultures. Using construct for actin visualization (GFP-fABD2) we focused on the changes in organisation of actin cytoskeleton in different types of calli cells.
Material and methods

Seeds sterilization and growth conditions
The calli cultures of parasitic dodder (Cuscuta europaea L.) were used in our study. Seeds of C. europaea, originate from locality Ivánka pri Dunaji (2009), were scarified by soaking in concentrated H2SO4 for 15 min. Subsequently the seeds were washed with sterile distilled water and then treated with 2% (w/v) sodium hypochloride for 15 min. After the washing with sterile water, the seeds were spread on solid MS medium (Murashige & Skoog 1962) Lichtenthaler (1987) .
Electron microscopy Samples were fixed in 5% (v/v) glutaraldehyde in 0.06% (w/v) cacodylate buffer (pH 6.8) for 4 h, washed with 0.06% (w/v) cacodylate buffer (pH 6.8) 6 × 10 min and postfixed in 1% (v/v) osmium tetroxide in the same buffer overnight. Fixed specimens were dehydrated in ethanol and propylenoxide series and embedded in Spurr medium (BIOTECH, Czech Republic). Ultrathin sections were cut on ultramicrotome Reichert-Jung Ultracut E and observed with JEOL 2000 FX electron microscope (Jeol Ltd., Tokyo, Japan).
Bacterial strain Agrobacterium tumefaciens strain GV3101 carrying plasmid pCB302 with single GFP on N-terminus fused with A. thaliana fimbrin 1 (35S::gfp:fABD2) (Voigt et al. 2005) , under the control of the constitutive CaMV 35S promoter as well as the nos promoter-driven nptII gene as a plant selection marker, were used as a vector for genetic transformation for actin visualization. Bacteria were grown 5 days on solified LB medium (peptone 10 g L −1 , NaCl 6 g L −1 , yeast extract 6 g L −1 , agar 15 g L −1 ) at room temperature with antibiotics kanamycin 100 mg L −1 and streptomycin 100 mg L −1 . For transformation, single colony from the plate was picked and grown in 25 mL LB medium with antibiotics, overnight at 28 Calli transformation and selection conditions Dodder calli were inoculated with the liquid bacterial suspension (OD600 = 0.5) for 10 min, subsequently blotted dry on sterile filter paper. After that, the calli were transferred to co-cultivation medium (MS medium, pH 5.8) for 2 days. Than the subcultured calli were spread to MS medium supplemented with antibiotics (100 mg L −1 kanamycin, 200 mg L −1 cefotaxime). The explants were cultivated in growth chamber (16 h light and 8 h dark photoperiod) at 23 ± 2
• C, sub-cultured after 21 days.
Microscopy
Transformed calli were periodically examined under the fluorescence microscope (Axioskop 2 plus, Zeiss), equipped with 485/20 nm exciter filter, 510 nm beamsplitter and 515 nm LP barrier filter (filter Zeiss set 16, 25).
Isolation of RNA, reverse transcription and RT-PCR analysis Total RNA was isolated using Spectrum TM Plant TotalRNA Kit (Sigma-Aldrich, St. Louis, MO, USA). RNA samples were treated with RNase-free DNAse I (Fermentas, St. Leon-Rot, Germany) for 1 h at 37
• C. The first strand of cDNA was synthesized from 1.5 µg of the purified RNA using ImProm-II TM Reverse Transcription System (Promega, Madison, WI, USA) and universal random primers. Subsequent RT-PCR was performed using specific primers for: gfp5 F:5'TTGGGATCTTTCGAAAGGGC 3', R: 5' AC-CCAGATCATATGAAGCGG 3'. PCR were performed as follows: 5 min at 94 
Results
Plant material cultivation
Surface sterilized Cuscuta seeds started to germinate 7 days after inoculation on MS medium with kinetin (1 mg L −1 ). Germination was very asynchronous with 42% efficiency. Explants of about 1 cm length were isolated from 7 days old seedlings. Basal parts of seedlings were found to be best for callus induction. The MS medium containing 2,4-D (2 mg L −1 ) and kinetin (1 mg L −1 ) was used for callus induction (Fig. 1A ) and its proliferation (Fig. 1B) . Proliferation of primary calli was observed within 30 days of cultivation. Optimal callus production was obtained within 50 to 60 days of culture. Calli left in the same media, without subculturing for more than 50 days, developed shoot-like structures (Fig.1B) . In addition, when these organogenic competent calli were transferred on hormone-free MS medium, extensive shoot regeneration was observed (Fig.1C) . Browning and necrosis were observed regularly, usually in the basal parts of the proliferated calli (Fig. 1B, C) .
Pigment analysis and plastid ultrastructure Light-green, compact dodder calli accumulated the highest amounts of chlorophylls. Statistically significant decrease in Chl (a+b) concentration was detected after 14 days of cultivation in yellow calli with small light-green areas. Yellow calli proliferated Chl a+b (A) and carotenoids (B) contents in dodder calli: 7 -light-green calli 7-days after subculturing; 14 -light green/yellow calli 14-days after subculturing; 21 -yellow calli 21-days after subculturing. Presented data are means ± SE of three independent experiments. The small letters inside the graphs (a, b, c) denotes significant difference at P < 0.05 (t-test).
at the end of subcultivation interval, contained only trace amounts of Chls ( Fig. 2A) . But these calli accumulated more carotenoids than light-green calli (Fig. 2B) .
Plastids underwent characteristic changes during Cuscuta calli cultivation. In young light-green calli, chloroplasts with poorly differentiated endomembrane system, represented by individual thylakoids, were observed (Fig. 3A) . Cells of yellow calli contained only amyloplasts with large starch grains (Fig. 3B) . This starch together with sugars in MS hormone-free media is supposed to be a main source of energy during formation of shoot primordia. calli 7, 14 and 21 days after transformation with A. tumefaciens (Fig. 4, lines 3 , 4, 5), while no fragments were detected for negative control plants (Fig. 4, line 1) .
When these transgenic, GFP positive calli were transferred on MS hormone-free medium, no shoot regeneration was observed. We can conclude that, Cuscuta calli cells are competent for transformation, but under given conditions, these cells failed to realize their morphogenic potential.
Organisation of the actin cytoskeleton in cells of trangenic calli
Stable expression of gfp:fABD 2 in callus cells allowed to study the organization of the actin cytoskeleton. Transgenic dodder calli were composed of large expanded cells (Fig. 5B ) and of clusters of small isodiametric, actively dividing cells (Fig. 5E) . In large expanded cells nuclei moved from the marginal to the central position before cell division (Fig. 5B) . In stably transformed Cuscuta calli cells, we observed mainly two basic arrangements of GFP-decorated actin cytoskeleton: networks of nucleus-associated actin arrays and dense cortical actin (Fig. 5B, D, E, F) . Dense cortical actin was more prominent in smaller, expanding cells, as compared to older, expanded cells (Fig. 5B, E) . In interphase cells before cell division, actin was arranged prominently as complex strands linking the perinuclear and subcortical regions with the cell cortex (Fig. 5D ). This observation indicates that reorganization of the actin cytoskeleton occurs during the transition from cell expansion to cell division. After cytokinesis, the dense cortical actin network reformed and the cortical regions along new daughter cell membranes produced a strong fluorescence signal (Fig. 5E, F) . In these cells we regularly observed a diffuse form of cortical F-actin (Fig. 5F ). It appears that the early phase of cell expansion in calli cells is tightly associated with this form of cortical F-actin.
Discussion
The current literature provides a little information about in vitro cultivation of parasitic plants (Srivastava & Dwivedi 2001; Rousset et al. 2003) . Deeks et al. (1999) summarized from previously published data responses of 23 genera of parasitic plants to tissue culture conditions. Successful surface sterilization and germination of parasite seeds is prerequisite for derivation of in vitro culture. Zhou et al. (2004) used double surface-sterilization of Orobanche seeds (70% ethanol for 2 min and 1% sodium hypochlorite for 15 min). Dodder seeds need to be scarified by soaking in concentrated sulphuric acid before surface sterilization. Optimal length of time period for scarifying of dodder seeds in H 2 SO 4 was tested (Prather & Tyrl 1993) . Srivastava & Dwivedi (2001) treated C. reflexa seeds with concentrated H 2 SO 4 (for 30 min) and further sterilized with 3% (w/v) sodium hypochloride for 45 min. In our experiments the seeds of C. europaea are able to germinate, only when we shortened du- Phytohormones, such is auxins, are powerful tools to stimulate cell dedifferentiation and together with cytokinins they induce division of these dedifferentiated cells. The combination of auxin and cytokinin had a synergistic effect on callus induction from seedlings of parasites. Zhou et al. (2004) studied effects of different types of basal cultivation medium (MS and B-5) and also different combinations of auxins (NAA, IAA), cytokinins (KIN, BAP) and giberelins (GA 3 ) on in vitro Orobanche ramosa, O. minor and O. aegyptiaca callus production. From basal portion of C. reflexa seedlings Srivastava & Dwivedi (2001) on modified MS media supplemented with NAA and BA induced calli proliferation. In our study auxin (2,4-D, 2 mg L −1 ) together with cytokinin (kinetin, 1 mg L −1 ) induced cell dedifferentiation and subsequent proliferation of organogenic competent calli. Browning and necrosis was observed regularly, usually in the basal parts of the proliferated calli. Srivastava & Dwivedi (2001) overcame this problem by using of GA 3. Presence of gibberellin increase the rate of proliferation of green cells in the tissue otherwise undergoing necrosis.
The genus Cuscuta is considered to be a holoparasitic angiosperm, obtaining both water and organic nutrients from its host plants. It has been shown that C. europaea is more specialized for the parasitic lifestyle with no detectable chlorophylls and no thylakoids in plastids (Machado & Zetsche 1990) . Using ultrastructural analysis, Švubová et al. (2013) have shown presence of chloroplasts in growth tips and chloroamyloplasts in cortical cells of young C. europaea stems and they found out that young developmental stages of dodder (7-day-old) accumulate relatively high levels of Chl (a+b). Significant decreasing of Chl (a+b) content and increase of carotenoid concentration was typical only for ontogenetically more developed stages. Lower content of photosynthesis-related proteins involved in Chl biosynthesis and in photosystem formation as well as low photochemical activity of PSII indicate that photosynthesis is not the main activity of C. europaea plastids (Balážová et al. 2011 ). In our study, derived dodder calli underwent some changes in their pigmentation and plastid organisation. In young light-green calli, chloroplasts with poorly differentiated endomembrane system were observed. Older yellow calli contained amyloplasts with large starch grains. This starch together with sugars in hormone-free MS medium supposed to be a main source of energy during the shoot primordia development.
The actin cytoskeleton represents a very dynamic cell structure. Filamentous actin (F-actin) contributes to the maintenance of the internal architecture of the cell, drives cytoplasmic streaming (the movement of components around the cytosol) and contributes to the process of cell division (Hussey et al. 2006) . The discovery and development of GFP from the Aequorea victoria (Chalfie et al. 1994 ) has greatly assisted researchers in plant cellular and molecular biology studies. It has dramatically improved also our ability to visualize in vivo actin organization in plant cells. Sheahan et al. (2004) generated a fusion of GFP with the second actin-binding domain of Arabidopsis fimbrin, which allowed the labelling of highly dynamic and dense actin networks in diverse species and various cell types. Voigt et al. (2005) also found out that, with the help of the fusion construct of GFP with Arabidopsis fimbrin, the dynamic arrays of F-actin can be observed in stable transformed Arabidopsis seedlings. To improve ABD2:GFP fluorescence for enhanced in vivo F-actin imaging, Wang et al. (2008) generated Arabidopsis transgenic plants expressing a construct with GFP fused to both the C-and N-termini of ABD2. Significantly increased fluorescence was observed, especially in the meristematic cells. In the present study this gfp:fABD 2 fusion gene was introduced into Cuscuta cells by a calli cocultivation transformation method. In stably transformed dodder calli, we observed networks of nucleus-associated actin arrays and dense cortical actin networks. At the stage of interphase of frequently dividing cells, actin is arranged prominently as complex strands linking the subcortical-perinuclear regions with the cell cortex, where the actin forms a dense network. In tobacco transgenic calli cells, the amount of dense cortical microfilament array decreases, and they are located at the future equatorial plane, where the microtubule pre-prophase band is known to be localized (Yu et al. 2006) . Šamaj et al. (2005) showed that phragmoplast, structure which is involved in cell plate formation, is enriched both with microtubules and with actin. This indicates that actin is involved in proper positioning of cell plates and play important role in cytokinesis. After cytokinesis, the dense cortical actin network reformed and the new daughter cell membranes produced a strong fluorescence signal. In these cells we observed a diffuse form of cortical F-actin. Thus, the diffuse form of cortical actin most likely plays a key role in the regulation of the early phase of cell expansion. This actin-dependent mechanism could explain several recent studies suggesting that the direction of cell expansion is not always correlated with transverse cortical MTs and microfibrils (Wasteneys 2000; Wenzel et al. 2000) . However, this does not exclude a role for MTs in the modulation of the first phase of cell morphogenesis.
The process of making transgenic plant consist of various points including acquisition of totipotency, progress into the S-phase of the cell cycle, which makes cells competent for transformation, and differentiation of transformed cells into new plants (Arias et al. 2006) .
Although, for some plant species, it is common to obtain genetically transformed calli, that never regenerate into new plants (Zambre et al. 2001) . According to Bleho et al. (2012) GFP positive flax callus, wich was obtained after A. tumefaciens-mediated transformation, showed disintegrated ER structure and impaired dynamics which was accompanied with developmental degradation of GFP within shoot regeneration on SIM medium.
When the transgenic, GFP positive dodder calli were transferred on MS hormone-free medium, no shoot regeneration was observed. Most likely, endogenous levels of growth regulators in transgenic calli cells are inadequate for de novo shoot meristem formation (Zhang & Lemaux 2004) and for induction of expression of KNOX1 and STM genes, that are necessary for the development of haustoria ). In addition, differentiation and growth of transgenic shoots after A. tumefaciens-mediated transformation (35S::AtThf1:gfp:HDEL) of dodder shoot tips was reported (Švubová et al. 2012) .
Based on our study we can conclude that we have for the first time established A. tumefaciens-mediated transformation protocol for C. europaea calli. Our results demonstrate that expression of the GFP-fABD2 fusion protein provides visualization of the actin network in calli, particularly in cells entering their division, in expanding and already expanded cells. Stable expression of this transgene offersvaluable tool for study the function of actin cytoskeleton during haustorium differentiation, especially in digitate cells of endophyte primordium.
